A polyolefinic hydrocarbon was found in nonpolar extracts of Shewanella oneidensis MR-1 and identified as 3,6,9,12,15,19,22,25,28-hentriacontanonaene (compound I) by mass spectrometry, chemical modification, and nuclear magnetic resonance spectroscopy. Compound I was shown to be the product of a head-to-head fatty acid condensation biosynthetic pathway dependent on genes denoted as ole (for olefin biosynthesis). Four ole genes were present in S. oneidensis MR-1. Deletion of the entire oleABCD gene cluster led to the complete absence of nonpolar extractable products. Deletion of the oleC gene alone generated a strain that lacked compound I but produced a structurally analogous ketone. Complementation of the oleC gene eliminated formation of the ketone and restored the biosynthesis of compound I. A recombinant S. oneidensis strain containing oleA from Stenotrophomonas maltophilia strain R551-3 produced at least 17 related long-chain compounds in addition to compound I, 13 of which were identified as ketones. A potential role for OleA in head-to-head condensation was proposed. It was further proposed that long-chain polyunsaturated compounds aid in adapting cells to a rapid drop in temperature, based on three observations. In S. oneidensis wild-type cells, the cellular concentration of polyunsaturated compounds increased significantly with decreasing growth temperature. Second, the oleABCD deletion strain showed a significantly longer lag phase than the wild-type strain when shifted to a lower temperature. Lastly, compound I has been identified in a significant number of bacteria isolated from cold environments.
Currently, there is industrial interest in nongaseous microbial hydrocarbons for specialty chemical applications and, more recently, as high-energy biofuels (20, 27, 34) . Microbes produce hydrocarbons of different types, for example, aliphatic isoprenoid compounds (20) and alkanes from fatty aldehyde decarbonylation (10) . Fatty aldehyde decarbonylation is not well understood but offers a clean route to diesel fuels from fatty acids.
Certain microbes also make a distinctly different class of long-chain hydrocarbons, generally C 25 to C 33 in chain length, that contain a double bond near the middle of the chain (1, 3, 5, 15, 30, 31, 33, 34) . These long-chain olefinic hydrocarbons are thought to derive from processes different than isoprene condensation and decarbonylation mechanisms. This class of hydrocarbons has been shown by carbon-14-labeling studies (2) to derive from fatty acids. The process, described in 1929 by Channon and Chibnall (9) , has become known as head-to-head hydrocarbon biosynthesis. Albro and Ditmar (3) defined the head-to-head condensation as coupling of the head (C 1 ) and the ␣-carbon (C 2 ) of two fatty acids with decarboxylation, a reaction that should not be confused with an acyloin-like car-boxyl carbon-to-carboxyl carbon coupling. Products of the head-to-head mechanism have been identified in Gram-positive bacteria such as Micrococcus luteus (29, 30) and Arthrobacter aurescens (13) and in Gram-negative bacteria such as Stenotrophomonas maltophilia (28) . Micrococcus and Arthrobacter strains produce fatty acids that are methyl branched terminally and subterminally (8, 29, 30) . The long-chain olefinic hydrocarbons from those strains similarly contain a mixture of terminal and subterminal methyl group branching (2, 13, 31) .
Albro and Ditmar (3, 4) acquired direct evidence for the head-to-head mechanism occurring in microbial whole organisms and cell extracts. In cell extracts, it was shown that one of the fatty acid carboxyl groups is lost as carbon dioxide, with the remaining carbon atoms being retained in the resultant hydrocarbon (4) . The hydrocarbons contain a double bond at the point of condensation. More recently, Beller et al. described the genes encoding head-to-head fatty acid condensation pathway enzymes from Micrococcus luteus, which are known as ole genes for the olefin products formed (5) . Three genes from Micrococcus luteus were shown to confer on Escherichia coli the ability to make long-chain olefinic hydrocarbons. Two recent patent applications by L. Friedman et al. (18 September 2008 4 December 2008, WO2008/147781) also described a three-or four-gene cluster as being involved in head-to-head hydrocarbon biosynthesis to make olefins. The patent applications identified homologs to ole genes in different bacteria, including strains of Shewanella.
Bacteria of the genus Shewanella have been heavily studied over the last decade because they are widespread and have the ability to use a startling variety of electron acceptors for respiration (11) . There are more than 20 completed genome sequences for Shewanella strains. The model system for studying Shewanella is S. oneidensis MR-1. The genome sequencing of S. oneidensis MR-1 was reported in 2002 (16) , and the organism has been shown to be highly amenable to genetic manipulation (11) . The present study used Shewanella oneidensis strain MR-1 as a model system to investigate hydrocarbon biosynthetic genes and the possible biological function of the proteins they encode. The hydrocarbon produced by the Ole proteins in S. oneidensis MR-1 was found to be very different from hydrocarbons previously identified as deriving from a head-to-head condensation mechanism (28, 29, 32) . The product was identified here as 3,6,9,12,15,19,22,25,28- hentriacontanonaene by chemical modification studies, mass spectrometry, and nuclear magnetic resonance (NMR) spectroscopy. Previously, a similar polyolefin had been identified in many Antarctic bacteria (22) . Cloning of a heterologous oleA gene into S. oneidensis MR-1 was found to produce a completely different set of products. A hydrocarbon deletion mutant showed a distinctly longer growth lag than wild-type cells when shifted to a lower temperature, suggesting that the ole genes in S. oneidensis MR-1 may aid the cells in adapting to a sudden drop in temperature.
MATERIALS AND METHODS
Bacterial strains, culture conditions, and growth. A list of Shewanella strains used in this study can be found in Table 1 . Cultures of S. oneidensis MR-1 were routinely grown in Luria-Bertani (LB) medium under ideal conditions (aerobic, 30°C) unless stated otherwise. Cultures were grown to early stationary phase at 36°C, 22°C, 15°C, or 4°C for experiments in which the relative amount of hydrocarbon was determined (n ϭ 6). In cold adaption experiments (n ϭ 6), the oleABCD mutant and wild-type strains were first grown to a similar optical density (OD) on LB medium overnight at 30°C and then diluted by the same dilution factor into fresh medium at 4°C with a beginning OD of approximately 0.01. Aerobic growth was continued at 4°C, and optical densities were measured using a Beckman DU 7400 spectrophotometer. For each treatment (six flasks), three OD measurements were made and then averaged.
For maintenance of plasmids in S. oneidensis strains, 50 g/ml of kanamycin (Km) was added to the medium. For selection for recombinants (see "Mutagenesis," below), Km was added to a final concentration of 50 g/ml while sucrose was added to a final concentration of 5% (wt/vol). Escherichia coli strains and their genotypes are listed in Table 1 . All E. coli strains were grown aerobically at 37°C in LB. Where appropriate, Km was added to the growth medium at a final concentration of 50 g/ml and diaminopimelic acid was added to a final concentration of 0.3 mM.
Hydrocarbon and ketone analysis. Hydrocarbons and ketones were analyzed by gas chromatography-mass spectrometry (GC-MS) as previously described (13) . Early-stationary-phase cultures, cells and medium together, were extracted. The resulting evaporated residue was recovered in 1 ml of methyl-tert-butyl ether and applied to a 4.0-g silica gel column, eluted with 35 ml of hexanes, concentrated, and subjected to molecular distillation using a Bantamware sublimation apparatus. The hydrocarbon distillate was collected between 100 and 115°C (0.02 torr), and the ketone distillate was collected between 120 and 130°C (0.02 torr). The distillates were recovered in 1 ml of pentanes and subjected to GC-MS analysis using an HP6890 gas chromatograph connected to an HP5973 mass spectrometer (Hewlett Packard, Palo Alto, CA). GC conditions consisted of the following: helium gas at 1 ml/min; HP-1ms column (100% dimethylpolysiloxane capillary, 30 m by 0.25 mm by 0.25 m); temperature ramp, 100 to 320°C, at 10°C/min, with a 5-min hold at 320°C. The mass spectrometer was run in electron impact mode at 70 eV and 35 A. Mutagenesis. Deletion of the oleABCD cluster and oleC from MR-1 was achieved utilizing homologous recombination between flanking regions of the target gene(s) cloned into a suicide vector (26) . Briefly, upstream and downstream regions of the target deletion were cloned into the suicide vector pSMV3 in a compatible E. coli cloning strain UQ950. The suicide vector was transformed into an E. coli mating strain WM3064 and then conjugated into MR-1. The initial recombination event was selected for by resistance to Km. Cells containing the integrated suicide vector were grown in the absence of selection overnight at 30°C and then plated onto LB plates containing 5% sucrose (26) . Cells retaining the suicide vector were unable to grow due to the activity of SacB, encoded on the vector, while cells that had undergone a second recombination event formed colonies. Colonies were then screened by PCR to determine strains containing the deletion. For creation of the oleABCD cluster knockout strain, primers oleclusterUF, oleclusterUR, oleclusterDF, and oleclusterDR containing SpeI, BsaI, BsaI, and SacI restriction sites, respectively, were designed for the regions flanking the two ends of the oleABCD cluster (gi numbers 24373309, 24373310, 24373311, and 24373312, respectively; locus tags SO_1742, SO_1743, SO_1744, and SO1745, respectively). For creation of the oleC knockout strain, primers oleCUF, oleCUR, oleCDF, and oleCDR containing SpeI, BsaI, BsaI, and SacI restriction sites, respectively, were designed for the regions flanking the ends of oleC (gi 24373311; locus tag SO_1744). Finally, for the creation of the pfaA knockout strain, primers pfaA1F, pfaA1R, pfaA2F, and pfaA2R containing the SpeI, BamHI, BamHI, and ApaI restriction sites, respectively, were designed for the regions flanking the ends of pfaA (gi 24373171; locus tag SO_1602). Primer names and sequences are listed in Table 2 .
Mutant complementation and heterologous gene expression.
Complementation of the oleC and pfaA mutants was performed using the pBBR1MCS-2 expression vector (19) and the endogenous lac promoter (which is constitutive in MR-1 due to the absence of lacI). Primers SO1744Fcomp and SO1744Rcomp containing SpeI and SacI restriction sites or pfaAcomplementF and pfaAcomple-mentR containing ApaI and SpeI restriction sites were designed for the regions flanking the ends of oleC (gi 24373311; locus tag SO_1744) or pfaA (gi 24373171; locus tag SO_1602), respectively. The Stenotrophomonas maltophilia oleA (gi 194363945; locus tag Smal_0167) was amplified using primers SmclusterCompF and SmthiolCompR containing the SpeI and SacI restriction sites. Resulting PCR products were ligated into the Strataclone cloning system (Agilent Technologies) followed by ligation of the product into the pBBR1MCS-2 expression vector. Constructs were introduced into E. coli WM3064 and conjugated into the oleC deletion, pfaA deletion, or wild-type S. oneidensis MR-1 strain. Appropriately oriented inserts were verified by PCR analysis. The expression of the cloned genes was verified by detection of product activity using GC-MS analysis.
Sequence analysis. Sequence comparisons were made using the National Center for Biotechnology Information BLAST (bl2seq) tool. Ole protein sequences from S. oneidnesis MR-1 and M. luteus were compared. The gi numbers and sequences were obtained from the GenBank database.
RESULTS AND DISCUSSION
A long-chain hydrocarbon is present in S. oneidensis cells at all growth phases. The hydrocarbon was identified in the nonpolar fraction following solvent extraction from the cultures. Gas chromatography-mass spectrometry showed a single sharp peak at 20.2 min that had a parent ion at 418 mass units (Fig.  1A) . Reduction of the product with hydrogen yielded a single product with a slightly longer retention time and a parent ion of 436 mass units (Fig. 1) . The reduced product behaved identically to the C 31 n-alkane hentriacosane. This indicated that the biological product was a hentriacontanonaene, but the positions of the nine double bonds could not be deduced from mass spectrometry. The compound had no appreciable UV absorbance above 230 nm, suggesting that the double bonds were not in conjugation. The proton NMR was decisive ( Fig. 2 ) and consistent with one nearly centrosymmetric structure only, specifically, 3, 6, 9, 12, 15, 19, 22 ,25,28-hentriacontanonaene (compound I). The absolute stereochemistry at the double bonds remains to be determined but is shown in the figure as all-cis because of further data on its biosynthetic origin (see below). The structure of compound I was consistent with it being derived from a head-to-head condensation between two fatty acyl chains to produce long-chain olefins containing a double bond between the central and an adjacent carbon atom in the chain.
Origin of the fatty acids undergoing head-to-head condensation. The structure of the hydrocarbon (compound I) produced by S. oneidensis MR-1 would require the condensation of two molecules of hexadeca-4,7,10,13-tetraenoic acid or an acyl equivalent of this, for example, the acyl-coenzyme A (CoA) derivative. This specific acyl derivative is known to be an intermediate in the biosynthesis of long-chain polyunsaturated fatty acids (PUFAs) (21) . PUFAs such as eicosapentaenoic acid are known to be produced by various Shewanella species (6). Moreover, PUFA biosynthetic genes from Shewanella have been identified by heterologous expression (18) and in S. oneidensis strain MR-1 via genome annotation (16) .
To confirm the involvement of the PUFA pathway genes in the biosynthesis of compound I, a pfaA (annotated as a multidomain ␤-keto acyl synthase; gi 24373171, locus tag SO_1602) deletion mutant was constructed. When this mutant was tested for hydrocarbon biosynthesis, neither compound I nor any hydrocarbon product could be detected. Hydrocarbon biosynthesis was restored by the presence of the plasmid-encoded pfaA (data not shown).
Genetic analysis of ole gene homologs. We next sought to study the genes responsible for the condensation of a PUFA intermediate leading to the formation of compound I. A cluster of genes in Shewanella oneidensis MR-1 was observed to be homologous to genes (ole) previously implicated in headto-head hydrocarbon biosynthesis (Friedman and Rude, WO2008/113041; Friedman and Da Costa, WO2008/147781). These were Shewanella proteins (gi 24373309, 24373310, 24373311, and 24373312), which were annotated in the GenBank database as a 3-oxoacyl-(acyl carrier protein) synthase III, an ␣/␤-fold family hydrolase, a peptide hydrolase, and a 3-hydroxysteroid dehydrogenase/isomerase family protein, respectively. The first protein (gi 24373309) had 31% sequence identity to the Mlut_13230 protein identified by Beller et al. to be involved in a head-to-head condensation pathway in M. luteus (5) . The two proteins gi 243733310 and gi 24373311 from S. oneidensis MR-1 resembled the N terminus and carboxy terminus, respectively, of the protein Mlut_13240 in M. luteus. Protein 4 (gi 24373312) showed 31% sequence identity to the Mlut_13250 protein of M. luteus. The bioinformatics data suggested that S. onidenesis MR-1 proteins gi 24373309 through 24373312 were, like the M. luteus proteins, involved in a head-to-head condensation reaction. This was investigated genetically to both confirm the genes' involvement and to investigate the effect of gene alteration on product formation.
The choice of S. oneidensis strain MR-1 allowed us to use well-established gene deletion methods to test if the oleABCD genes were involved in olefin biosynthesis (Fig. 3a) . In-frame deletions of the entire ole cluster, and of oleC individually, were generated. The gene deletion was verified using PCR. A 1.7-kb band corresponding to the oleC-containing gene cluster in the wild type became a 0.3-kb fragment in ⌬oleC, resulting from deletion of the 1.5-kb oleC (Fig. 3b ). The complement showed both 0.3-and 1.7-kb bands representing the deleted gene region plus the full oleC present on the pOleC plasmid. Figure 3c shows the gas chromatograph of the region where compound I, produced by wild-type S. oneidensis, eluted at approximately 20.2 min. The oleC mutant showed no detectable peak in this region. The complemented strain showed a restoration of the 20.2-min peak. The identity of the compound eluting at 20.2 min was confirmed by mass spectrometry. GC experiments were performed in triplicate. Similarly, the oleABCD deletion strain did not produce compound I (see Fig.  S1 in the supplemental material). Formation of ketones and implications for the function of OleA. The S. oneidensis MR-1 oleC deletion mutant did not produce a hydrocarbon, but it made another compound that was purified from a different distillation fraction than the hydrocarbon. The mass spectrum of the compound, compound III, had a parent ion of m/z 434. These data were consistent with a symmetrical molecule with eight double bonds and having the carbonyl functionality at the center of the hydrocarbon chain. Compound III was hydrogenated to produce a molecule with m/z 450 and showed an ion fragment of m/z 239. This confirmed the structure of compound III to be 3,6,9,12, 19,22,25,28-hentriacontaoctaene-16-one. Compound III was not found in the S. oneidensis MR-1 oleABCD mutant.
Ketone products were also observed in an additional experiment involving heterologous oleA gene expression in S. oneidensis MR-1. The oleA gene homolog from S. maltophilia strain R551-3 was cloned into S. oneidensis strain MR-1. The heterologous strain grew normally but produced a much wider range of nonpolar extractable products (Fig. 4) . The endogenous compound I was present and readily identified by GC retention time and mass spectrum and is shown in Fig. 4 with an asterisk and the chemical formula C 31 Compounds were identified as hydrocarbons or ketones by mass spectrometry as described in the text and are designated by the molecular formula next to each major GC peak. The asterisk indicates compound I, which is endogenously produced by wild-type S. oneidensis MR-1.
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Shewanella strain produced at least 17 additional long-chain compounds, of which 13 were monoketones (Fig. 4) . The chemical formulas are shown, indicating the degree of unsaturation of the hydrocarbon chains. All of the compounds are significantly more saturated than the endogenous C 31 H 46 hydrocarbon, suggesting that the Stenotrophomonas OleA protein, unlike the Shewanella OleA protein, condenses fatty acids not derived from the polyunsaturated fatty acid pathway. The ketones were identified from their characteristic mass spectra; both the parent ions and ion fragments were consistent with these assignments. Moreover, the observation of a single major carbonyl ion, or two such ions of similar molecular weight, is consistent with the carbonyl functional group being present at the median carbon for odd-numbered chain lengths. This observation is consistent with these products arising from a headto-head fatty acid condensation mechanism. The data shown in Fig. 4 were striking because the native Shewanella only made a single endogenous C 31 H 46 hydrocarbon, compound I. In contrast, S. maltophilia is known to produce a large number of different hydrocarbons with chain lengths of C 26 to C 30 (28) , and the S. maltophilia oleA gene alone directed the formation of a much wider range of products in Shewanella. The observation here of diverse hydrocarbons and ketones has implications for the production of molecules for fuel or specialty chemical applications via the heterologous expression of different oleA genes in Shewanella.
Ketone formation could potentially result from the OleA protein alone, and this would be consistent with the data presented here. OleA is in the thiolase superfamily, which catalyzes both decarboxylative and nondecarboxylative acyl group condensation reactions (14, 15) . A nondecarboxylative thiolytic condensation would produce an intermediate that could give rise to ketones (Fig. 5 ). Figure 5 shows the structure of the natively produced polyolefin, compound I. Hydrocarbons and ketones could both be derived from an intermediate generated by OleA, and that is consistent with reactions catalyzed by thiolase superfamily members, of which OleA is a member. Thioester cleavage could occur by the action of (i) OleA, (ii) a thioesterase, or (iii) spontaneous hydrolysis (12) to generate a ␤-keto acid (Fig. 5C, compound II) . ␤-Keto acids are known to be unstable and decarboxylate spontaneously (23) . Spontaneous decarboxylation of ␤-keto acids in biological systems is well known and underlies the production of ketone bodies in mammalian liver (17) . In the case of the S. oneidensis oleC mutant, intermediate compound II would be generated and decarboxylate to generate compound III, the observed ketone. When the OleA from Stenotrophomonas was expressed in Shewanella, a narrower specificity for the Shewanella enzymes could lead to the buildup of different intermediates that undergo hydrolysis and decarboxylation to yield the ketones. An alternative mechanism for the OleA-catalyzed condensation reaction has been proposed in the literature (5) . Further studies will be required to discern between that and the role for OleA proposed here.
Potential role of an ole gene product(s) in cold adaption. A hydrocarbon that appears to be identical to compound I was previously identified in a significant number of Antarctic bacterial isolates (22) . The hypothesis that long-chain olefins might contribute to cold adaption was tested directly with S. oneidensis strain MR-1, which grows within the temperature range of 4 to 37°C (optimal growth at 30°C). The first obser-vation in this study supporting the cold adaption hypothesis was that decreasing the growth temperature led to significant increases in the amount of compound I and compound III present in cells (Fig. 6a) .
In other experiments, wild-type and olefin-deficient strains were grown at 30°C and then inoculated into medium at 4°C (Fig. 6b ). Although there was not much difference in the growth rate during exponential phase, the olefin-deficient oleABCD mutant strain showed a significantly longer lag phase prior to exponential growth (Fig. 6b ). When the oleABCD mutant was pregrown at 4°C, this lag in growth following transfer was not observed. These data suggested at least one role for long-chain olefins in facilitating growth following a shift to colder temperatures. We expect that the polyolefin would increase membrane fluidity and contribute to a maintenance of proper membrane function following a sudden decrease in temperature.
Structurally analogous long-chain alkadienes and alkatrienes are prominent in the lipids of marine photosynthetic eukaryotes, such as Isochrysis galbana, that grow at cold oceanic temperatures (25) . They are also present, along with longchain alkenones, in the lipid fractions of Emiliania huxleyi (25), a photosynthetic eukaryote which is so common that oceanic algal blooms of this organism are observable by satellite photographs (7) . The mechanism of hydrocarbon formation in these eukaryotes remains open, but our findings here, coupled with ongoing genome sequencing of these organisms, may help provide insight. It is interesting that the amount and degree of unsaturation of the long-chain hydrocarbons and alkenones increase with decreasing temperature (24) . This suggests that long-chain hydrocarbons and ketones could be involved in cold adaption in both bacteria and eukaryotes.
